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Abstract 

The possibility of discovering the Top quark and measuring its mass at the 

Fermilab Tevatron collider is studied for the pure hadronic decay channel, that 

is the six jet final state. The most important aspects of a generic detector 

relevant for this study are included. By requiring tagging of a b-quark jet and 

applying cuts on the Sphericity, Aplanarity and summed scalar transverse en- 

ergy of the jets we obtain an acceptable signal to background ratio. In order to 

reduce the uncertainty in the measured three jet invariant ma58 distribution due 

to energy smearing kinematical fit techniques are used. With the above meth- 

ods we conclude that a Top quark with a mass up to 180 GeV can be observed 

in the hadronic decay mode at the Tevatron with an integrated luminosity of 

100 pb-‘. 
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1 Introduction 

With the discovery of the Top quark the fermion sector of the three generation Stan- 

dard Model will be completed. Apart from its necessity for theoretical consistency of 

the Standard Model the existence of the Top quark is inferred by several messure- 

ments, for example the forward backward asymmetry in Z * 66 at LEP (I] and the 

absence of flavor-changing neutral currents (21. 

Compared to the other quarks the Top quark is very heavy. The current direct 

search lower mass limit is 91 GeV [3], set by the CDF collaboration at the Tevatron 

pp collider. 

Indirect limits on the Top quark mass can be estimated by comparing all avail- 

able data with electroweak calculations which include the oblique corrections [4]. This 

method assumes that no new physics is present which might effect the oblique correc- 

tions. With the precision measurements of the Z boson msss and the strong coupling 

constant at LEP, one obtains a Top quark mass of m, = 155 f 30 GeV [5]. The main 

source of error is caused by the uncertainty in the W boson msss measurement and 

the unknown Higgs mass. With the Main injector upgrade at the Fermilab Tevatron, 

resulting in an integrated luminosity well over 1000 pb-‘. a good measurement of 

both the W boson mass and the Top quark mass will be possible. This will test 

the consistency of the Standard Model very accurately and put indirect limits on the 

Higgs mass. 

Because of the high Top quark mass the weak decays occur faster than the scale 

over which strong interactions form bound state mesons (61. The Top quark is ex- 
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petted to decay into a W boson and a b-quark assuming no deviations from the 

Standard Model. With the two possible decay modes of the W boson the Top quark 

is in principle observable in two final states: 

1. The Top quark decays into jets, associated with the hadronic decay of the W 

boson. The b-quark jet can be tagged and the W boson will mainly decay into 

two jets with an invariant mass equal to the I+’ mass. This gives the final state 

of three jets of which one is a b-quark jet. 

2. The Top quark decays into one b-quark jet, a charged lepton and a neutrino 

resulting from the leptonic decay of the W boson. 

The dominant Top quark production at the Fermilab Tevatron in the mass range 

of interest is through the process pp -) tE The cross section is a steeply falling 

function of the Top quark msss varying from 30 pb at 120 GeV to 5 pb at 190 GeV 

[7]. The Tevatron is expected to deliver an integrated luminosity of 25 pb-’ in 1993 

and 100 pb-’ in 1994 for each of the two experiments CDF and DO. The discovery 

range with the expected luminosity will cover the indirect Top quark mass limits 

obtained from the Standard Model constraints. The produced Top quark pairs have 

three possible decay channels. giving three different search methods: 

1. The di-lepton final state with two b-quark jets, having a branching ratio of 4/81 

or 5%. 

2. The single lepton plus four jets final state, having a branching ratio 24/81 or 

30%. 
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3. The six jet final state having the largest branching ratio of 36/81 or 44%. 

The remaining 21% of the Top quark decays are associated with tau lepton final 

states which have not been taken into account. Also detector efficiencies have not 

been taken into account. 

Apart from the largest branching ratio, the measurement of the Top quark msss 

in the six jet decay mode has another important advantage over measuring the msss 

in leptonic decays. In leptonic events one neutrino is present for each semi-leptonic 

decay. This neutrino escapes the detector and it is not measured. In six jet Top 

quark events the full event is reconstructed. 

In the Top quark search so far only the channels containing at least one lepton 

have been considered. This results mainly from the fact that it is relatively easy to 

trigger on a hard lepton in an experiment. Also most phenomenological papers with 

emphasis on the Top quark search at pp colliders [B] d o not consider the six jet signal. 

This is because the signal is compietely overwhelmed by a huge QCD jet background 

which is of the order of 100 nb, as shown in Figure 1. However, the use of the 44% 

of the cross section in the fully hadronic channel and the larger acceptance of the 

detector for jets is quite tempting. 

With the use of a silicon microvertex detector (see for example ref. [9]) and soft 

lepton identification, an efficiency of the order of 50% can be obtained for tagging a 

b-quark jet. Requiring at least one b-tagged jet leads to a reduction factor of 100 for 

the QCD background [lo] (see Figure 1). Note that for high momentum b quarks, 

the tagging efficiency increases. A heavy Top quark produces higher transverse mo- 

mentum (Pr) b-jets, increasing the b-tagging efficiency significantly. 
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In this paper we explore the feasibility of Top quark search in events with a six jet 

topology of which at least one is tagged as a b-quark jet. A typical detector response 

for jets is simulated to obtain the usual reduction in cross section. 

2 Monte Carlo samples 

To generate the multijet events from Top quark decays we use the calculation of ref. 

[I 11. This calculation gives the exact tree level result for this process and includes all 

the spin correlations between the produced jets, non-zero b-quark masses and finite 

width W boson. 

To generate the QCD background we have used the Monte Carlo program NJETS 

which is based on the calculations of ref. (121. This program contains the exact tree 

level matrix elements for all processes up to and inciuding five jets. If one increases 

the number of jets beyond five the processes containing more than three quark pairs 

are not included. These processes are expected to give negligible contributions to the 

total jet cross section. 

Tight cuts have to be applied in order for the Leading Order approximation to be 

valid. With the used jet definitions no large higher order corrections are expected for 

the observables relevant in this study. The computation of the matrix elements for 

six jets is very slow and the use of approximations in the Monte Carlo is imperative 

if one wants to obtain reasonable statistics for the generated distributions. In ref. 

[12] an approximation was used to calculate the six jet cross section. This method 

uses the infrared reduction techniques developed in ref. [13] to approximate the six 
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jet production from lower multiplicity jet calculations. This approximation has been 

studied extensively in the literature and proved to be valid if one considers the shape 

of the distributions. The total cross section however is systematically overestimated. 

The cross section is overestimated by a factor of approximately 1.2 for the cuts used 

in this paper. 

In this study we evaluate the strong coupling constant and the structure functions 

at an energy scale equal to the average transverse momentum of the jets. The used 

structure functions are the MHSB parameterization of ref (141. The effects of changing 

the scale and parton distribution functions has been investigated in ref. [lOI and 

estimated to be of the order of 50%. Note that this uncertainty is much larger than 

the uncertainty resulting from the infrared reduction approximation. 

The events in NJETS are generated with the unit weight event generator of ref. 

(151. Each accepted event is then assigned a weight proportional to the matrix ele- 

ment. However due to the steeply falling distribution of the transverse momentum 

of the partons, this procedure is very inefficient and produces large weight fluctu- 

ations in the generated events. When trying to get events with equal weight by a 

weighting rejection algorithm it becomes impracticable. To overcome this problem 

we have increased the efficiency by the use of important sampling in the inclusive k+ 

distribution of the jets. This gives a significant improvement in the efficiency. Details 

are given in Appendix A. 

We simulated detector effects by convoluting the jet energies obtained from the 

generators with a function that describes the CDF detector jet resolution [16]. In Fig- 

ure 2 the missing transverse energy significance is shown, defined as S = 1 C PGl/ds, 
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where p’T is the transverse momentum of the jet. The significance S is a measure of 

detector resolution. S is larger for poorer detector resolutions. 

In the subsequent Top quark analysis we will apply the following cuts : 

. A six jet final state. 

l A transverse momentum cut on the jets of Pp > 10 GeV. 

. A jet pseudorapidity cut (@‘(‘I < 2.5, with n = log(cotO/2) and B being the 

polar angle of the jet. 

l A ARjer-j.t = A@ + A# > 1 cut, where A+ is the azimuthal angle between 

the jets and An the pseudorapidity difference of the jets. 

Apart from the last cut, which mimics a realistic jet-clustering algorithm, the applied 

cuts are efficient because the Top quark decay produces high momentum jets in the 

central region. 

3 Kinematical Variables 

Intuitively one expects the jets from the hadronic Top quark decay to be kinematically 

different than QCD multijet production. The jets in the Top quark events come in 

two pairs of three jets each resulting from a heavy Top quark. This will produce in 

general high momentum, central and well separated jets. The jets will tend to be 

spherically distributed in the center of mass frame of the collision. The background 

events on the other hand are bremsstrahlung jets which implies the jets tend to be 

soft, collinear and forward. This wiil make the jets far less spherically distributed. 
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In order to quantify the above event topology we introduce two types of cuts : 

1. We use cuts on the event shape distributions of the six jets. The simplest 

way to characterize the event topology is to calculate the Sphericity tensor 

Mao = Cj PjaPjo in the center of msss frame of the event, where a and p are 

the cartesian components of the three dimensional momentum P and the sum 

is over all jets in the event. The three normalized eigenvalues are ordered such 

that Qi < Qa 5 Qs. From this we calculate the Sphericity and Aplanarity of 

the event which are defined by 

S = ;(QI + Qz) A = ;Q,. (1) 

In Figure 3 the Sphericity vs. Aplanarity is plotted for both the background 

and the Top quark signal with a Top quark mass of 130 GeV. The result is 

typical for a Top quark mass up to 190 GeV. By examining Figure 3 we apply 

the following cuts: 

l Sphericity > 0.2 

l Aplanarity > 0.05. 

2. Another useful quantity is the sum of all the jet transverse energies in the event. 

For the Top quark pair production the summed transverse energies will peak 

around a value slightly lower than twice the Top quark mass. On the other hand 

the QCD background is a steeply falling function of the summed transverse 

energy. In Figure 4 the differential cross section of the summed transverse 

energy is shown. For the final analysis we apply a cut of 210 GeV on the 

summed transverse energies. This reduces the QCD background substantially. 
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The combination of the above cuts has for a Top quark mass of 130 GeV an 

efficiency of 70%. This efficiency increases for heavier Top quark masses. So, although 

the cross section for Top quark production decreases as a function of the mass, this 

is partly compensated by an increase in efficiency. 

4 Constrained Fits 

The experimental precision in jet energy measurements is typically of the order of 10%. 

This uncertainty is reflected in the Top quark mass which has to be reconstructed 

from the six jet final state. 

In order to improve the precision of the jet energy measurements we can use 

properties of Top quark production and decay. That is the apparently independent 

jet measurements can be correlated by constraints which arise from the Top quark 

process. 

The first constraint comes from the hadronic W boson decay. We can use the 

condition that the two jet invariant mass is equal to the W boson mass. Having two 

hadronic W boson decays, we constrain two pairs of jet energies. 

Because the decay width of the Top quark is 0(l) GeV, much smaller than the 

experimental mass resolution. one can implement an additional kinematical event 

constraint. Namely that the Top quark and Anti-Top quark have the same mass giving 

a constraint on the remaining two jets in the event. Intuitively, one expects that the 

transverse momentum balance of the Top quarks would give an additional constraint. 

However, for a realistic experimental environment the transverse momentum balance 
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cannot be imposed. 

The least squares fit method used requires an error matrix relating the measured 

components of the jet four vector. In order to simplify the analysis we assume .s 

msssiess jet and neglect the error on the jet direction with respect to the error on the 

measured jet energy. For example, at the CDF detector jets are measured with an 

energy accuracy of w 10 % and direction accuracy of lo to 2” degrees (171. With this 

approximation the error matrix is diagonal. 

Using the least squares formalism the kinematical constraint resulting from the 

W boson decay leads to the following expression for the chi-square of the two jet 

energies E,, and Ed : 

with the constraint 

ri, c 
A4$ 

2( 1 - cos&,) 
= &Ed (3) 

where the measured jet energies are given by E,” and Ej’ with their respective errors 

UE. and UE~> !\4u~ is the CV vector boson msss and V!?ud is the opening angle between 

the two jets. 

Using eq. 3 the minimization of the y , yV function can be reduced to the condition 

a& -0 
3E” 

leading to a quartic equation in E,,: 

‘%E: - c$E,“E; + I&u;~E~ - &I<;~ = o, 
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The equation has four roots, two real and two imaginary. Only one of the roots gives 

the real and positive physical solution. 

We already have at least one of the jets tagged as a b-quark jet. This leaves us 

with at most fifteen possible combinations of the remaining five jets to be assigned 

to the decay products of the two W bosons. We choose the combination which has 

the minimal sum of the two independent &‘s. With this procedure we: 

1. Select the most likely assignment of the W boson decay jets giving the two W 

boson momenta. 

2. Improve the jet energy measurements using eqs. 3 and 5. 

There are still two possibilities for associating the W bosons to the b-quark jets. 

With the condition that the Top quark masses are equal, m: = m:, we can constrain 

the b-quark jet energies and associate the jets with the corresponding W boson to 

reconstruct a single Top quark momentum. The equal Top quark mass condition 

gives 

where the W boson energies Ew+ and Ew- are given by eqs. 3 and 5 and ew+b and 

8,-& are the opening angles between the W’s and their associated b jets. 

The x: is given by 
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We have a xf value for each of the two assignments. The smallest of the two x: is se- 

lected to give the most likely combination of the b-quark jet and W boson momentum 

which reconstructs the Top quark momentum. 

After we reconstructed the event using the above described procedure and deter- 

mined the energy of the jets using the constraints we apply additional cuts to the 

explicit values of ,& and x:. 

We require the sum of the ,&, of the two W’s to be less than 3.5 and x: to be 

less than 6. With these cuts the total efficiency for Top quark signal becomes of the 

order of 50%. The signal to background ratio becomes of the order of one. 

In 50% of the cases the right combination of jets is chosen to the Top and Anti- 

Top quark by applying these cuts, that is all six jets are correctly assigned. In the 

remaining wrongly reconstructed events 40% of the caSes still give the right Top quark 

mass because we still assign the correct three jets coming from its decay. So in 70% 

of the cases we reconstruct the correct Top quark mass. 

The improvement on the Top quark mass measurement after applying the kine- 

matical constraints is shown in Figure 5 for a Top quark mass of 130 GeV. The mass 

resolution is improved by a factor of N 2 compared to the three jet invariant mass 

distribution without any kinematical constraints. In the region of the Top quark mess 

peak the signal to background ratio is N 4. 

5 Results and Conclusions. 

The search for the Top quark in the hadronic decay mode involves three steps: 
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1. Tagging one of the b-quark jets. 

2. Explore kinematical differences between Top quark events and QCD back- 

ground. In particular the sum of the transverse energies of the jets is an useful 

quantity to select Top quark events. Its discriminating power increases with 

Top quark mass. 

3. Apply constrained kinematical fits to obtain the three jet invariant mass peak. 

In Figure 6 we show the signal to background ratio as a function of the efficiency 

for Top quark detection for different Top quark masses. The efficiency is normalized 

to the number of events which have six jets, and a b-quark tagged. The points in 

the signal to background vs. efficiency plane were obtained by varying the cut on the 

CPT over the jets, while keeping the Sphericity and Aplanarity cuts fixed at 0.2 and 

0.05 respectively. The efficiency of these event shape cuts does not vary significantly 

with Top quark mass. The curves plotted are polynomial fits to these points. It is 

interesting to note that for a given efficiency the signal to noise (background) increases 

dramatically with the Top quark mass. 

The introduction of the kinematical constraints not only reduces the background 

but also improves substantiaily the measurement of the Top quark mass by making 

it less dependent on the relative energy corrections of different parts of the detector. 

Using the kinematical constraints the signal to noise ratio in the four bins under the 

mass peak in Figure 5 is 4: 1. 

In Figure i we summarize our results by plotting the needed luminosity in order 

to produce a Top quark mass peak in the three jet invariant mass distribution with 
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significance of three standard deviations. Both the ideal case and a more realistic 

scenario are plotted. In the ideal case we assume that at least one b-quark jet is 

tagged with 100% efficiency. The more realistic case assumes that only 50% of the 

Top quark events are tagged with b-tagging. Also a 1% misidentification rate of the 

b-tagging algorithm is assumed. This misidentification rate increases the background 

rate by a factor of two. As the Top quark mass becomes heavier, its production cross 

section decreases requiring more luminosity to discover the Top quark. From Figure 

7 it is readily seen that if the Tevatron delivers 100 pb-’ by the end of 1994, Top 

quark masses up to - 180 GeV can be detected using this method. 

In conclusion, the implementation of kinematical cuts, b-quark tagging and kine- 

matical fits allows the all hadronic decay channel to be added as a valuable method 

for the Top quark search, especially for heavy Top quark masses. Furthermore, in the 

hadronic six jet channel all the decay products of the Top quark are measured making 

this channel ideal to determine the Top quark mass accurately. Also determining the 

Top quark mass in all three decay channels will be a necessary test to ensure Standard 

Model branching ratio’s, 
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Appendix: Important sampling 

When using the NJETS code (121 for high number of jets as w&s needed in this 

analysis one encounters a problem using the built in phase space generator RAMBO 

(151. This phase space generator produces the final state momenta sccording to flat 

phase space. This means that the n-jet momenta, pi, are generated according to 

dWP;m (8) 

with unit weight. This is very convenient for general purpose applications. However 

for our purposes we would need to generate too many events in order to reduce the 

integration errors to an acceptable level. 

The main source of the weight fluctuations is the sharp increase of the jet cross 

section at small transverse energy of the jet, E:“. This is associated with the soft 

singularity in the matrix elements. The singularity is not compensated by the phase 

space generator, giving a iarge increase in the cross section weight for events generated 

with a small transverse energy. The proper way to treat such a numerical instability 

is using the method of important sampling, see e.g. [18]. In this method we generate 

the E:‘cL according to its differential cross section. Instead of the increase in weight 

for small Ef”, one obtains unit weight for the Eiet spectrum. By inspection of the 

average differential E [“-distribution we model this by 

where A is an irrelevant overall normalization factor and o an adjustable parameter 

which will depend on the jet multiplicity and used jet cuts. 
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We convert the integration over the momentum pi to an integration over the 

transverse energy E,, rapidity q and azimuthal angle C$ of the jet. The jet four vector 

becomes 

P = (E,P=,P,,P~) 

= E,(cosh(q),cos(4),sin(4),sinh(r))). (10) 

The monte carlo integration over a jet momentum where the events are generated 

according to eq. 9 is given by 

J 
(p p exp (-(I,,.,) 

(2n)32E TV p = /-:“::,dq ~2’dq5~-~dEl ;Et x exp’;;tE” 

= WEcj_::::dq i2xd41’dr (11) 

where 

WE’ = ; [exp (-aE;“‘“) - exp (-a&“-=)] 

and the Eiet is given by 

E:“(r) = -$log[rexp(-nE7’“) +(l -r)exp(--aE;““I)]. 

(12) 

(13) 

The integrals over rapidity and azimuthal angle are done trivially. 

In the phase space generator we generate for the n-jet events (n - 1) jet momenta 

using the important sampling. The transverse momentum of the last jet is then 

constrained by transverse momentum balance. The rapidity of the last jet is still un- 

constrained and determines the boost of the system. However the momenta fractions 

zL and zrr are now constrained and determined by the final state jet momenta. The 
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phase space integration now becomes 

J d%(P;P I,..., p,) = n~~i~‘d~~d~:d$’ 
i=l 

) xw,, i1 dr:x &I E~et~r.“‘,-p(~E~($‘)) 

where the transverse energy of jet i is given by Ed of eq. (13). The rapidity 

and azimuthal angle of momentum i are respectively 

7(C) = fy2r; - 1) (15) 

$b(rf) = 2x$ (16) 

(14) 

and the weights UI~ are given by 

Wi = 4?r7)mor WE’(+) for i < n - 1 

W” = &/ma=. (17) 

Note that we have to demand the condition that the reconstructed parton fractions 

should fulfill the condition 0 5 z 1.2 5 1. Events which fail these cuts have to be 

rejected. One could in principle include this constraint in the boundaries of the 

rapidity generation of jet n. However the number of generated events failing this 

constraint is small, not justifying a complicated calculation of the boundary. 

Finally the program VEGAS 1191 was used to optimize the 371 - 2 integration 

variables of eq. (14). 
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Figure Captions 

Fig. 1 The tf -$ six jets cross section for different Top quark masses. Also 

shown the QCD prediction for six jets production (solid) and the 

QCD prediction for six jets production with at least one b-quark 

(dashed). 

Fig. 2 Missing ET-distribution ss an indication of the assumed detector 

performance in the simulation. 

Fig. 3 Sphericity versus Aplanarity distributions (using the cuts described 

in the text) for Top quark events with a mass of 130 GeV (a), and 

for the QCD prediction (b). 

Fig. 4 Differential cross section as a function of summed ET of the jets 

in the event for various Top quark masses and QCD background, 

after applying b-tagging and the Sphericity and Aplanarity cuts. 

Fig. 5 Background (dotted) and signal for the Top quark mass measure- 

ment before (dashed) and after (solid) applying the kinematical 

constraints, for a Top quark mass of 130 GeV. 

Fig. 6 Signal to background ratio as a function of the Top quark detection 

efficiency for the following values of the Top quark mass: 130 GeV, 

150 GeV, 170 GeV and 190 GeV. 

Fig. 7 Luminosity required for getting a three sigma signal to background 

ratio as a function of the Top quark mass for the cases of a perfect 
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b-tagging and a more realistic b-tagging efficiency of 50% combined 

with a 1% fake rate. 
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